Objective To determine the optimal injection site in the flexor digitorum longus (FDL) muscle for effective botulinum toxin injection. Methods Fourteen specimens from eight adult Korean cadavers were used in this study. The most proximal medial point of the tibia plateau was defined as the proximal reference point; the most distal tip of the medial malleolus was defined as the distal reference point. The distance of a line connecting the proximal and distal reference points was defined as the reference length. The X-coordinate was the distance from the proximal reference point to the intramuscular motor endpoint (IME), or motor entry point (MEP) on the reference line, and the Y-coordinate was the distance from the nearest point from MEP on the medial border of the tibia to the MEP. IME and MEP distances from the proximal reference point were evaluated using the raw value and the X-coordinate to reference length ratio was determined as a percentage. Results The majority of IMEs were located within 30%-60% of the reference length from the proximal reference point. The majority of the MEPs were located within 40%-60% of the reference length from the proximal reference point. Conclusion We recommend the anatomical site for a botulinum toxin injection in the FDL to be within a region 30%-60% of the reference length from the proximal reference point.
INTRODUCTION
Spasticity is a motor disorder characterized by a velocity-dependent increase in tonic stretch reflexes, resulting from hyperexcitability of the stretch reflex, which is a component of upper motor neuron syndrome [1] . Various insults, such as stroke, traumatic brain injury, spinal cord injury, cerebral palsy, and multiple sclerosis, can cause spasticity. Lower limb spasticity is related with equinus, varus, and clawing toes; the condition results in www.e-arm.org poor balance and reduced gait capacity [2] . Clawing toes can interfere with distal positioning and ambulatory capacity; the condition ultimately results in a limitation of activities required for daily living (ADL). The spastic foot pain and skin breakdown that results from toe clawing can significantly impair quality of life [3] [4] [5] [6] .
Several studies have identified the effectiveness and safety of treatment following botulinum toxin injection [4, [6] [7] [8] . Clinically, toe clawing is treated via injection of the long toe flexor with botulinum toxin [6, 9] . Some studies have shown that botulinum toxin injections for flexor digitorum longus (FDL) improve the spasticity, ambulatory capacity, and functional ability in patients with toe clawing [4, 6] . Botulinum toxin injection for FDL in patients with toes clawing can ameliorate spastic foot pain [6] .
Botulinum toxin reversibly reduces muscle tone. Because botulinum toxin inhibits the release of acetylcholine by the presynaptic membrane of the motor endplate, the injection should be administered into the motor endplate zone [10] . The motor endplate zone is where motor endplates are the densest; several studies have proposed that the regions where intramuscular nerve endings are the most distributed are consistent with the motor endplate zone [11, 12] . Numerous studies have explored the optimal site for botulinum toxin injection in the management of lower limb spasticity. The motor entry point (MEP) was defined as the location where the motor nerve penetrated the muscle belly; the intramuscular motor endpoint (IME) was defined as the location where the intramuscular motor nerve ended. Injection sites evaluated included the MEP and distribution of IME of the triceps surae [13, 14] , hamstring muscle [15] , the psoas muscle [16] , and tibialis posterior muscle [17] . In one humanbased study, endplate-targeted botulinum toxin injection was more effective than non-targeted injection in spastic biceps [18] . Therefore, in order to properly administer toxin injection for FDL, precise knowledge of the appropriate anatomical injection site to the target muscles is indispensable [13, 19] . However, the extant literature has not yet determined the optimal anatomical site for an effective botulinum toxin injection of FDL. The aim of the present study is to determine the optimal anatomical site and motor endplate zone for botulinum toxin injection to manage spasticity of FDL. In this study, we investigated the IME and MEP of the FDL for an effective and safe botulinum toxin injection.
MATERIALS AND METHODS
Fourteen specimens from eight adult Korean cadavers (5 males and 3 females, age ranging from 52 to 79 years) were used in this study. Specimens with severe deformities, such as leg contractures, equinovarus, or equinovalgus, or a history of trauma or amputation of the legs, were excluded from the study. An incision was made from the medial knee to the malleolus of the tibia; the posteromedial skin of the calf was removed. The gastrocnemius and soleus muscle were then removed from the tibia bone. This allowed for the FDL to be exposed and identified, as well as the tibial nerve descending from the popliteal fossa and the branching nerves. We traced the branching nerve that innervated the FDL.
The MEP was defined as the location where the motor nerve penetrated the muscle belly (Fig. 1) . The muscle was cut along the nerves to investigate the intramuscular course of the nerves. We held onto the nerves with just enough tension as to not hurt them; then, we continued dissecting the musculature surrounding the nerves with blunt forceps. The IME was defined as the location where the intramuscular motor nerve ended, which was determined by observation with the use of magnifying glasses ( Fig. 1) . Two bony landmarks were selected as reference points: the most proximal medial point of the tibia plateau was defined as the proximal reference point, and the most distal tip of the medial malleolus was defined as the distal reference point. The line connecting the proximal and distal reference points was defined as the reference line. The length of reference line was defined as the reference length. The X-coordinate was the distance from the proximal reference point to the MEP or IME on www.e-arm.org the reference line, and the Y-coordinate was the distance from the medial border of the tibia to the MEP on a line perpendicular to the reference line (Fig. 2) . The distances of MEP and IME from the proximal reference point were evaluated using the raw value, and the X-coordinate to reference length ratio was determined as a percentage (Fig. 2) .
RESULT
The mean value of the reference line for the 14 specimens was 333.96±25.20 mm. There were a total of 29 MEPs in the 14 specimens examined, with 1 MEP in 1 specimen, 2 MEPs in 11 specimens, and 3 MEPs in 2 specimens.
Location of IMEs
The mean distance from the proximal reference point to the most proximal IME and the ratio of the distance to the reference length on X-coordinate were 117.64±13.24 mm and 35.00%±3.72%, respectively. The mean distance from the proximal reference point to the most distal IME and the ratio of the distance to the reference length on X-coordinate were 264.64±25.90 mm and 78.57%±4.15%, respectively. The majority of IMEs were located within 30%-60% of the reference length from the proximal reference point ( Table 1) .
Location of MEPs
The mean distance of the MEP from the proximal reference point and the ratio of the distance to the reference length were 158.03±37.39 mm and 46.78%±9.65%, www.e-arm.org respectively. The distance from the proximal reference point to the most proximal MEP and the ratio of the distance to the reference length were 107 mm and 32.42%, respectively. The distance from the most distal MEP to the proximal reference point and the ratio of the distance to the reference length on the X-coordinate were 260 mm and 69.33%, respectively. The majority of the MEPs were located within 40%-60% of the reference length from the proximal reference point. The mean distance of the MEP from the medial border of the tibia on the Y-coordinate was 17.83±2.82 mm ( Table 2) .
DISCUSSION
This is to our knowledge the first study to demonstrate the optimal injection site in FDL and to relate it to external bony landmark for effective and safe botulinum toxin injection. The IMEs of FDL are distributed along the longitudinal muscle belly. The majority of MEPs of the FDL were found within a 40%-60% region of the reference length from the proximal reference point; the majority of the IMEs of the FDL were found within a 30%-60% region of the reference length from the proximal reference point. From the results of this study, we can propose the optimal injection site for botulinum toxin injection in FDL.
There are numerous studies to localize the optimal site for botulinum injection. Some studies have defined the location for optimal site of botulinum toxin injection as the site where the motor nerve first penetrates the muscle belly, which is defined as the MEP in this study [14, 20] . However, other studies indicated that botulinum injections at the motor endplate zone result in more effective paralysis with a smaller dose administered [21, 22] . The motor endplate zone is the region where motor endplates in muscle are highly concentrated. Current knowledge on the localization of the motor endplate zone is primary based on a few, older histological studies. In animal and human muscles, the motor endplates are not randomly distributed [10] . As a general rule, the motor endplates are equidistant from the poles of their respective muscle fibers [13] . Also, the distribution of motor endplates varies according to the type of muscle, its function, and structure and motor endplates concentration in specific region, which is the motor endplate zone [13] . For example, the motor endplate zone, in unipennate muscles except in the gracilis and sartorius forms a transverse band through the middle of the muscle [23, 24] . In bipennate converging muscles (e.g., gastrocnemius), the motor endplate zone forms an upwardly convex shape [24] . Some studies indicated that the region where the motor nerve terminal endings are dense is consistent with the motor endplate zone revealed by acetylcholinesterase (AChE) staining [25, 26] . Several studies proposed that the regions where intramuscular nerve endings are distributed the most are the zones where motor endplates are the densest, which is the motor endplate zone [11, 12] . Recent several studies using anatomical microdissection evaluated the intramuscular motor nerve endings to localize the optimal injection site for effective and safe botulinum injection in relation to other external references [13, [15] [16] [17] [27] [28] [29] [30] . Parratte et al. demonstrated that optimal injection sites are three-quarters of the way up the leg for the medial head of the gastrocnemius and four-fifths of the way up the leg for the lateral head of the gastrocnemius [13] . Injection of the tibialis posterior muscle at about the distal limit of the proximal third of the line between the head of the fibula and the intermalleolar axis seems optimal [31, 32] . The optimal injection site for the semitendinosus muscle and the semimembranosus muscle seem to be between 21% and 50% and between 64% and 77% of the reference line from the ischial tuberosity to the lateral femoral condyle, respectively [31, 33] . These studies demonstrated optimal site for botulinum toxin injection by localization of region where motor nerve endings are distributed the most. Our study evaluated distribution of motor nerve endings in FDL with anatomical microdissection and can indicate optimal injection zone for botulinum toxin injection in FDL. In accordance with these studies, the majority of IMEs in FDL are concentrated in specific region located within 30%-60% of the reference length from the proximal reference point, which is motor endplate zone.
Botulinum toxin primarily inhibits the release of acetylcholine from the motor endplate of the neuromuscular junction; spasticity is improved by the decrease of tension and spasm in the target muscle. The toxin injection needs to be localized to the motor endplate in order to be effective botulinum toxin injection [21, 22] . Histological studies in rabbit models showed that injections only 5 mm away from an endplate result in a 50% decrease in toxin denervation and paralysis. The studies also demonstrated that injections directly into motor endplates show www.e-arm.org the greatest level of paralysis for a given dose of botulinum toxin [21] . One human study demonstrated that endplate-targeted botulinum toxin injection is more effective than non-targeted injection in spastic biceps [18] .
Botulinum toxin is expensive, and it can cause some side effects of paralysis due to diffusion to adjacent muscles; therefore, a minimum amount of botulinum toxin, adequate to give the maximum therapeutic outcome, must be injected at the motor endplate. Botulinum toxin easily passes through muscle fascia, even at subclinical doses and fascia reduces the spread by only 23% [34] . Therefore, the spread of botulinum toxin can be prevented only by delivering small doses to the motor endplate zone of a target muscle [31] . The botulinum toxin dose per muscle with precise injection can also be minimized [34] . Consequently, identifying the optimal and safe injection site for the target muscle is critical. To overcome the issues cited above, proper localization of botulinum toxin injection site for each muscle is necessary. Thus, our finding of the ideal botulinum toxin injection site of FDL makes effective and safe botulinum toxin injection for FDL possible.
Based on our findings, we recommend the clinically optimum site for a botulinum toxin injection for the FDL to be within a region 30%-60% of the reference length from the proximal reference point.
There are some limitations to this study's findings. First, the number (sample size) of specimens used in this study was relatively small. However, the present study is still the first to investigate the anatomical IME of FDL; thus, this study can be seen as a starting point for further studies using a larger sample size. Second, the study's findings cannot be directly applied to children. Indeed, botulinum toxin injections can be administered in children who have neuromusculoskeletal disorders, such as cerebral palsy in order to improve ambulatory ability and manage pain. Although this study localizes the injection site by means of percentage of a reference length, this indirectly allows the result to be applied to children. However, a proper study comparing the localization of motor endplates in children and adults has not been conducted. One animal study has documented that the distribution of neuromuscular junction in juvenile and adult rats is similar [35] . Therefore, further studies involving children will be required for the findings to be generalized to that population. Third, although we traced the motor nerve until it was not visible, the IME in the present study does not correspond to motor endplate strictly. The endpoint of motor nerve branches is localized by tracing the nerves with microdissection to their terminal branches or by serially sectioning the muscle histologically [36] . However, dissecting the most terminal branches to the level of the motor endplate is almost impossible [36] . Histological studies include serially staining every section of the muscle for nerves, and then tracing and reconstructing the nerve branches from each section [36] . However, because of tissue collection and staining, this method may prevent reconstruction of the nerve branches. The use of Sihler's stain can overcome these problems [37, 38] . Nerve branches in muscle can be identified in their original 3-dimensional model. However, the very end of the nerve branches might still not be definitely identified, so tracing the level to the motor endplate is difficult [36] . An anatomical study with a histochemical approach can be alternative to localize motor endplates. AChE staining is a sensitive method to localize motor endplates and specific method in combination with an anatomical dissection identifying motor nerve endings [36] . Therefore, further study with AChE staining to localize motor endplate zone for botulinum toxin injection of FDL will be required.
In summary, this is the first cadaveric study to evaluate the anatomical location of IME and MEP of the FDL. We believe that findings of this study will be useful in determining a more effective and safe botulinum toxin injection in the FDL.
